The ubiquitin-proteasome proteolysis pathway is responsible for the degradation of abnormal and short-lived proteins to regulate many important biochemical activities in eukaryotes. By employing affymetrix microarray analysis, we have identified a novel ubiquitin ligase E3 gene Gh-RING2 that is differentially expressed between two Gossypium hirsutum lines-Texas Marker-1 (TM-1) and Chromosome Substitution Line CS-B25. The CS-B25 line has chromosome 25 from G. barbadense substituted into TM-1. The complete nucleotide sequences of GhRING2 along with its 5'-flanking region were obtained by genomic walking. GhRING2 was highly expressed in elongating fiber, and GUS expression directed by the GhRING2 promoter was found in hypocotyls and young stems of transgenic Arabidopsis plants. Using a yeast two-hybrid assay GhRING2 was found to interact with a PROTODERMAL FACTOR1 (GhPDF1) protein. GhPDF1 was expressed preferentially in immature ovules and fiber initials, and the GhPDF1 gene had been suggested to play a role in cell fate determination and fiber development. Pull down and plasmid swap assays further confirmed the interaction between GhRING2 and GhPDF1. The expression and protein interaction data indicate that GhRING2 may be involved in the turnover of GhPDF1 and participation in the transition from initiation to elongation stages during fiber development. Our data strongly suggest that the ubiquitin-proteasome pathway may regulate cotton fiber growth and development. The nucleotide sequence data of GhRING2 in this article have been submitted to the Gen Bank Nucleotide Sequence Data Bases under the accession number BankIt 1,742,008 SeqKM 108,000.
Introduction
Cotton is one of the most important economic crops for textile industries. Over 90% of the cotton produced worldwide is from Upland cotton (Gossypium hirsutum). Upland cotton has high percentage of lint fiber and high yield. Pima cotton (G. barbadense) produces fiber with better qualities (longer and strong fibers) but has low yield compared to Upland cotton. Cotton fiber development can be divided into four overlaping stages-intination, elongation (primary cell wall synthesis), secondary cell wall synthesis and maturation [1] . It was reported that during the onset of secondary cell wall cellulose deposition there was a steep decline in protein contents, which suggests a critical role of the proteasome proteolytic pathway in fiber development [2] [3] . Ubiquit independent proteolysis is a major pathway for the selective degradation of many abnormal and shortlived proteins in eukaryotic cells. The ubiquitin-proteasome pathway affects many processes in plant growth and development [4] , including hormone signaling [5] - [10] , light response, floral and seed development [11] [12], self-incompatibility, disease resistance [13] , stress tolerance [14] - [18] , and cell cycle progression [11] . The pathway is mediated through the covalent attachment of ubiquitin, a small protein containing 76 amino acids, to the targeted protein prior to the degradation by the 26S proteasome. The ubiquitination of target proteins requires the sequential activity of three enzymes: an ubiquitin-activating enzyme (E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3) [19] .
We previously cloned two cotton E2 genes (GhUBC1 and GhUBC2) and one E3 gene (GhRING1 encoding a RING-type ubiquitin ligase), and studied their expression in cotton fiber [20] [21] . The three genes were all expressed in fiber in a developmentally regulated manner. The E. coli over-expressed GhRING1 was found to have the ubiquitin E3 ligase activity by an in vitro reconstitution assay [21] . These data suggested that cotton fiber growth and development are regulated via protein ubiquitination and protein ubiquitination may play a role in fiber differentiation. We recently conducted Microarray experiments to compare gene expression in 10-DPA (days post anthesis) fiber between two Upland cotton lines CS-B25 and TM-1 (Texas Marker-1). CS-B25 is a chromosome substitution line, generated by replacing chromosome pairs 25 of G. hirsutum TM-1 with chromosome pairs 25 from G. barbadense double haploid 3-79 line. Using an additive-dominance model Wu et al. [22] and Saha et al. [23] showed that CS-B25 has improved fiber traits (increased fiber strength, length and decreased micronaire), indicating that the chromosome 25 from G. barbadense 3-79 may be the location containing the genes that affects economically important fiber traits. Since CS-B25 has better fiber qualities and it is nearly isogenic to the parent TM-1 for 25 pairs of chromosomes except the substituted pair of chromosome 25 from G. barbadense 3-79, a comparative analysis of gene expression in fiber between TM-1 and CS-B25 would help to identify genes associated with good fiber traits on the chromosome 25 of G. barbadense. Affymetrix microarray analysis was thus conducted by our lab to determine the difference in gene expression between TM-1 and CS-B25 fibers, and we identified four RING-type ubiquitin ligases (GhRING2-5) that are differentially expressed in 10-DPA CS-B25 fiber [24] . In this research the full length cDNA and genomic sequences of the GhRING2 gene were cloned and characterized. The expression of GhRING2 in fiber cells of TM-1 and CS-B25 at different developmental stages was determined. The ubiquitin E3 ligase activity of GhRING2 was also assayed and its target protein was subsequently identified.
Materials and Methods

Plant Materials and Growth Conditions
Two cotton (G. hirsutum) lines, Texas Marker-1 (TM-1) and Chromosome Substitution Line CS-B25, were planted in the field at the R. R. Foil Plant Science Research Center at Mississippi State University. Cotton flowers were tagged one day before anthesis (−1 DPA) to avoid cross pollination. Cotton bolls were collected at different developmental stages (5, 10, 15 and 20 DPA) in late July and August 2013, and leaf and flower were also collected.
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Cloning and Sequencing of GhRING2 Gene
A partial sequence of GhRING2 cDNA (360 bp) was initially obtained [24] and its sequence was used to design primers for inverse PCR genomic walking [25] to isolate the GhRING2 gene along with its 5'-and 3'-flanking regions (3040 bp). The 1905 bp containing GhRING2 and its 5'-franking region was re-amplified by PCR using Phusion high fidelity DNA polymerase (New England BioLabs), cloned into pGEM-T Easy vector, and sequenced using the Big Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) on ABI PRISM 310 Genetic Analyzer.
Homology Modeling of GhRING2 Protein
The structure of the GhRING2 protein was constructed based on homology modeling using Modeller 9.12 [26] . The Basic Modeling protocol was used to create four Python scripts with Python programming language. All the scripts were executed using the Python GUI program [27] . Each script has its role in building GhRING2 protein structure. The first script was used to search for the structures related to GhRING2 and the second script selected the best template for GhRING2 from the structures retrieved from Protein Data Bank (PDB) having high percentage of identity. The third script aligned the amino acid sequence of GhRING2 with the template, and the fourth script was the core script that generated five GhRING2 protein models and calculated the Discrete Optimized Protein Energy (DOPE) and GA341 scores for each model. DOPE score represented the statistical possibility of atoms in the protein depart from the native structure. A protein model with minimum DOPE score will have the structure that is more comparable to the native structure. GA341 corresponded to the degree of coverage of the model structure to the template protein, EL5, an ubiquitin ligase of rice (Oryza sativa) [28] which has the highest amino acid sequence identity with the GhRING2 protein.
Expression Analysis of GhRING2 Gene
Total RNA was isolated from cotton flower, leaf and fiber at different developmental stages (5, 10, 15, and 20 DPA) from TM-1 and CS-B25 using a hot borate extraction method [29] . The purified RNA samples were used for synthesis of first-strand cDNA by reverse transcription using M-MLV reverse transcriptase. The transcript levels of GhRING2 in TM-1 and CS-B25 tissues (leaf, flower, and fiber at 5, 10, 15, and 20 DPA) were determined by real-time RT-PCR using the first strand cDNA samples as templates. A 178 bp GhRING2 cDNA fragment was amplified using two primers RT-R1 (5'-TTATGGTACGCCACGAATCA-3') and RT-R2 (5'-CCGATTGCTCTGCCTCTATC-3') and RT-PCR master mix (SsoFast™ EvaGreen ® Supermix from Bio-Rad). As a reference to analyze GhRING2 expression, the cotton polyubiquitincDNA, was amplified using two universal ubiquitin primers UBQ-F (5'-GAGTCCTCAGACACCATTGACAAC-3'), UBQ-R (5'-GTGCTCTCCT-TCTGGATGTTGTAG-3'). PCR amplification was conducted with initial denaturation at 95˚C for 3 min and followed by 45 cycles at 95˚C for 15 sec, 55˚C for 10 sec and 72˚C for 15 sec using the BIO-RAD CFX96/C1000 Real Time PCR system. A dissociation curve analysis was applied after PCR amplification to confirm the specificity of amplicon. The abundance of the GhRING2 transcript was calculated using the formula 2 −ΔΔCT , where ΔΔCT (Cycle Threshold) = (CT GhRING2 − CT Ubiquitin ) − (CT Calibrator − CT Ubiquitin ).
In Vitro Auto Ubiquitination Assay of GhRING2 E3 Ligase Activity
The ubiquitin E3 ligase activity of GhRING2 was determined by using an in vitro auto ubiquitination assay. The open reading frame (ORF) of GhRING2 was amplified by PCR using Phusion DNA polymerase and cloned into the pGEX-4t-1 vector. The recombinant plasmid pGEX-4t-1/GhRING2 was transformed into E. coli BL21 (DE3) to produce GhRING2 protein in fusion with a GST (Glutathione S-transferase) tag via IPTG induction. The GSTGhRING2 fusion protein was purified on a column packed with Glutathione Sepharose 4 Fast Flow resin (Amersham Biosciences). The in vitro ubiquitination assay was performed by mixing 25 μl of reaction mixture containing 40 mM Tris-HCl pH 7.5, 5 mM MgCl 2 , 2 mM DTT, 2 mM ATP, 68 ng GST-GhRING2, 7 μg ubiquitin (Sigma) with 1 μl (30 -50 μg protein) of Wheat Germ Extract (Promega) which provided two enzymes, ubiquitin activating E1 enzyme and conjugating enzyme E2, for auto-ubiquitination of GhRING2. The reaction was conducted at 37˚C for a different amount of time (0, 5, 15, 30, 60 and 120 min), and reaction products were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then subjected to Western blot analysis using Anti-GST tag/mouse monoclonal IgG antibody with the Lumi Sensor Chemiluminecent HRP substrate kit (Gen Script).
Promoter Analysis of the GhRING2 Gene
The full length and 5' truncated promoter fragments of GhRING2, named R2GUS1 (1410 bp), R2GUS2 (910 bp) and R2GUS3 (410 bp), were PCR amplified using Phusion DNA polymerase and three primer pairs GUS-F1/ GUS-R2, GUS-F2/GUS-R2 and GUS-F3/GUS-R2, respectively. The nucleotide sequences of the four primers are GUS-F1 5'-CCCAAGCTTAAAGCATGCTTTATTGGTTC-3', GUS-F2 5'-CCCAAGCTTGCCTTTCTC-TCATCTCAATC-3', GUS-F3 5'-CCCAAGCTTCTCCCACACTCGACAAATCT-3', and GUS-R2 5'-GCTC-TAGAAATAGTCAGCTGGTTTTGTG-3', and restriction sites HindIII (AAGCTT) and XbaI (TCTAGA) were designed at the 5'-end of the four primers. The PCR amplified promoter fragments of GhRING2 were cloned into the binary vector pBI121 to replace cauliflower mosaic virus (CaMV) 35S promoter (835 bp) using the restriction enzymes HindIII and XbaI. The recombinant pBI121 plasmids containing GhRING2 promoter fragments upstream of the GUS reporter gene were transformed into Agrobacterium tumefaciens C58 cells by using a freeze-thaw method [30] . Arabidopsis thaliana was transformed with the C58 cells carrying the recombinant pBI121 plasmids via an Agrobacterium-mediated floral dip method [31] . The promoter activity of GhRING2 was monitored in transgenic A. thaliana plants using a histochemical GUS assay [32] . The seedling, leaf, flower, stem and root of transgenic A. thaliana plants (T2) were immersed in 1 ml of GUS staining solution containing 100 mM sodium phosphate pH 7.0, 1 mg/ml of X-Gluc (Gold BioTechnology), 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 10 mM EDTA and 0.1% Triton X-100 and incubated at 37˚C overnight. The chlorophyll pigment was removed by extraction of the plant tissues with ethanol, and the GUS expression was observed using a Nikon SMZ1000 stereomicroscope.
Identification of Target Protein of GhRING2
A yeast mating method was used to identify GhRING2 interacting proteins by screening a yeast two-hybrid library with the bait plasmid pGBKT7/GhRING2. The fiber two-hybrid library was constructed by using 10-DPA fiber RNA from TM-1 with the SMART cDNA construction kit (Clontech). The fiber RNA was first reverse transcribed to form first-strand cDNA with SMART MMLV reverse transcriptase in the presence of CDSIII Primer (an oligo-dT primer). After adding SMART III-modified oligo (5'-AAGCAGTGGTATCAACGCA-GAGTGGCCATTATGGCCGGG-3'), the double-stranded cDNA was generated by PCR amplification with 5' PCR Primer (5'-TTCCACCCAAGCAGTGGTATCAACGCAGAGTGG-3') and 3' PCR Primer (5'-GTATCG-ATGCCCACCCTCTAGAGGCCGAGGCGGCCGACA-3') and Advantage 2 Polymerase Mix (Clontech). The PCR was conducted via pre-denaturation at 95˚C for 30 sec, following by 18 cycles at 95˚C for 10 sec (denaturation) and 68˚C for 6 min (annealing and elongation), and a final extension at 68˚C for 5 min. The doublestrand cDNA PCR products were purified using the CHROMA SPIN TE-400 Column (Clontech) and the cDNAs with sizes larger than 400 bp were then used for large scale transformation of yeast Y187 cells to make the yeast two-hybrid library.
The yeast two-hybrid library cells (the haploid Y187 strain) were mated with bait cells (the haploid Y2H gold strain with pGBKT7/GhRING2) by mixing the two haploid cells and incubating them at 30˚C in a slowly shaking incubator (50 -60 rpm) for 24 hr. Mated yeast cells were washed with 50 ml of 0.5× YPDA, re-suspended in 10 ml of 0.5× YPDA containing 50 μg/ml kanamycin, and then plated on single (-Trp or -Leu), double (-Trp and -Leu) and quadruple drop out (-Trp, -Leu, -His and -Ade) SD agar plates and incubated at 30˚C. The mating of Y187 and Y2H resulted in the formation of doubly transformed diploid zygotes. The diploid zygotes can proliferate on double (-Trp and -Leu,) drop out SD medium and they can also grow on quadruple drop out (-Trp, -Leu, -His and -Ade) SD medium when the bait and prey proteins interact. Putative positive colonies that appeared on quadruple drop out SD agar plates were analyzed by yeast colony PCR using a Matchmaker Insert Check PCR Mix 2 kit (Clontech). The PCR product was purified using a QIAquick PCR purification kit (QIAGEN) and then sequenced using either the 5' PCR Primer or 3' PCR Primer.
A plasmid swap assay with pGBKT7/GhRING2 and pGADT7/GhPDF1 was employed to further test the interaction between GhRING2 and GhPDF1 that was previously identified during the screening of the yeast twohybrid library using pGADT7/GhRING2 as bait. The restriction sites of EcoRI (GAATTC) and BamHI (GG-ATCC) were incorporated into the 5'-end of primers Ring2-T2 (5'-CGCGAATTCATGCGCCATGGCGCGC-ACTATAC-3'), GDFP-1 (5'-CGCGAATTCATGGTTAATATCCGATGCTCT-3'), Ring2-T3 (5'-CGCGGATCC-TTAGCAAGGGTTATCATCACC-3'), and GDFP-2 (5'-CGCGGATCCTTACTGCCCAGAATTTCCCAG-3'). The ORF of GhPDF1 and GhRING2 was amplified with the primer pairs GDFP-1/GDFP-2 and Ring2-T2/Ring2-T3, respectively, using fiber cDNA as template by Phusion DNA polymerase. The GhPDF1 and GhRING2 PCR products were cloned into the EcoRI and BamHI restriction sites of pGBKT7 and pGADT7 vectors, respectively. The yeast two-hybrid system was then used to confirm the interaction between GhPDF1 and GhRING2 by cotransformation of the two recombinant plasmids into yeast Y2H gold cells using the LiAc/SS carrier DNA/ PEG method [33] .
Confirmation of Interaction between GhRING2 and GhPDF1 via Pull down Assay
The interaction between GhRING2 and GhPDF1 was conducted via a pull down assay using GST-GhRING2 and MBP (maltose binding protein)-GhPDF1 recombinant proteins. The MBP-GhPDF1 protein was prepared by cloning GhPDF1 into pMALcR1 (New England BioLabs) and overexpressed in E. coli cells. GST-tag (as a control) and GST-GhRING2 fusion proteins were respectively bound to Glutathione Sepharose 4 Fast Flow resin (Amersham Biosciences) and packed in a Poly-Prep Chromatography Column (BIO-RAD). GhPDF1-MBP (maltose binding protein) fusion protein was then loaded onto the columns and the samples were incubated at 4˚C for two hr. The resin was then washed 5 times at 4˚C each with 20 ml of wash buffer (50 mM Tris-HCl pH, 8.0, 300 mM NaCl, 1% Triton X-100) [34] . The GST-tag and GST-GhRING2 fusion proteins were eluted from the GST resin using glutathione elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM reduced L-Glutathione, 1 mM DTT, 1 mM PMSF). Eluted protein samples were subjected to SDS-PAGE and analyzed by Western blotting using mouse anti-GST tag monoclonal IgG antibody from Millipore.
Results
Cloning and Characterization of GhRING2 Gene
The GhRING2 gene along with its 5'-flanking promoter region (1905 bp) was cloned by using an inverse PCR genomic walking method. The nucleotide and derived amino acid sequences of GhRING2 are shown in Figure 1 . The gene has no introns and encodes a protein of 132 amino acids with a predicted molecular mass of 15 kDa. Nucleotide and derived amino acid sequences of cotton GhRING2 Gene. The promoter region and ORF were designated from −1 to −1506 nt and 1 to 399 nt. The RING domain of GhRING2 is underlined and the eight conserved Cys and His residues in the domain are marked with stars. The primer pairs GUS-F1/GUS-R2, GUS-F2/GUS-R2 and GUS-F3/GUS-R2 were used to amplify the promoter fragments R2GUS1, R2GUS2 and R2GUS3, respectively, for GUS assays. The primers Ring2-P1 and Ring2-P3 were used to amplify the GhRING2 ORF for GhRING2 GST fusion protein expression. The RING H2 domain was underlined and the conserved six Cysteine and two Histidine residues within the domain were marked with stars.
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The GhRING2 protein contains a RING H2 domain with conserved cysteine and histidine residues and is classified as a C 3 H 2 C 3 (RING-H2) type protein. The six cysteine and two histidine residues in the H2 domain are involved in Zn binding. A protein Blast (blastp) search was performed to find RING proteins homologous to GhRING2 from plants, and eleven closly related ubiquitin E3 ligases with their amino acid sequences, including Theobroma cacao (TcRING), Fragaria vesca (FvRING), Ricinus communis (RcRING), Populus trichocarpa (PtRING), Solanum lycopersicum (LeRING), Vitis vinifera (VvRING), Prunus persica (PpRING), Cicer arietinum (CaRING), Medicago truncatula (MtRING), Arabidopsis lyrata (AlRING) and Arabidopsis thaliana (AtRING) were retrived. A multiple sequence alignment was performed for these eleven sequenceses along with GhRING2 using the program ClustalW2 from EMBL-EBI. Sequence alignment results indicated that 6 cysteine and 2 histidine residues of the C 3 H 2 C 3 (RING-H2) motif were highly conserved among all the 12 plant RING finger proteins (Figure 2) , suggesting that the RING finger domain is evolutionarily conserved in plant ubiquitin ligases. A phylogenetic analysis was conducted using the amino acid sequences of the RING protiens from the twelve plants, and a phylogenetic tree was constructed and shown in Figure 3 . The RING proteins TcRING from Theobroma cacao and PtRING from Populus trichocarpa are the two most closely related E3 ubiquitin ligases to the GhRING2 protein.
Structural analysis of the GhRING2 protein was performed by finding the closest protein homologue with a solved structure. A BLAST search of Protein Data Bank (PDB) indicates that amino acid sequence of GhRING2 has the highest identity to EL5, an ubiquitin ligase of rice (Oryza sativa) [28] . The RING H2 domain of GhRING2 has 57% amino acid sequence identity with EL5 and the structure of GhRING2 modeled using Modeller 9.12 is shown in Figure 4 . The hydrophobicity of GhRING2 was analyzed using the tool ProtScale [35] from the ExPASy Server. The hydrophobicity plot (data not shown) indicated that GhRING2 has both hydrophilic and hydrophobic amino acids and the N-terminal residues have higher hydrophobicity than C-terminal residues. The ProtScale analysis suggests that GhRING2 is a trans-membrane protein with hydrophobic N-terminal [36] .
Cotton (Gossypium hirsutum) is a disomic tetraploid with A-and D-genomes obtained from diploid ancestors. The GhRING2 homologous gene was amplified by PCR from both A2 (G. arboreum) and D5 (G. raimondii) genomes using the forward primer Ring2-P2 (5'-CGCGGATCCATGCTGGTTTCTGTTTTAT-3') and reverse primer Ring2-P3 (5'-CGCGAATTCTTAGCAAGGGTTATCATCACC-3'). Sequence analysis of the PCR products revealed that the homologous GhRING2 genes from A2-and D5-genomes have only two base pair difference in the nucleotide sequence, which changes amino acid residues at two positions (data not shown). The aa residues at positions 41 and 110 in the A2-genome protein are Leucine and Valine, whereas in the D5-genome they are Serine and Isoleucine. The sequence data also suggest that GhRING2 is present in the A-genome of G. hirsutum.
Expression Analysis of GhRING2 Gene
The transcript levels of GhRING2 in TM-1 and CS-B25 tissues (leaf, flower and fiber at different developmental stages) were determined by Real-Time RT-PCR amplification of a 178 bp cDNA fragment of the GhRING2 gene. The Real Time RT-PCR results showed that the transcript level of GhRING2 in the leaf tissue of TM1 and CS-B25 was almost identical (Figure 5) . In contrast, GhRING2 was expressed in higher levels in the flower of TM-1 than CS-B25. The transcript levels of GhRING2 in fiber increased at the late elongation and secondary wall synthesis stages in both TM-1 and CS-B25 ( Figure 5 ). The GhRING2 mRNA reached a maximal level in 20-DPA fiber, but the transcript level in TM1 was higher than that in CS-B25. Interestingly, the GhRING2 fiber mRNA in TM-1 was at a high level at 10-DPA, declined in 15-DPA fiber, and then increased to a maximum at 20-DPA.
Assay of GhRING2 E3 Ligase Activity
The open reading frame (ORF) of GhRING2 was cloned into the pGEX-4t-1 vector to express the GhRING2 protein in fuse with the glutathione S-transferase (GST) protein in E. coli BL21 (DE3) cells. A 58 kDa GSTGhRING2 fusion protein was expressed (data not shown), purified using GST-resin affinity chromatography, and used in the assay of GhRING2 ligase activity by employing an auto-ubiquitination assay. The GST-GhRING2 protein was mixed with wheat germ lysate, ATP, and ubiquitin and incubated at 37˚C for 0 -120 min. The reaction mixtures were then fractionated on a SDS-PAGE gel and subjected to Western blot analysis using anti-GST antibody. The results of Western analysis showed that high molecular weight polyubiquitinated GhRING2 proteins were formed (Figure 6 ), indicating that GhRING2 had the ubiquitin E3 ligase activity. The higher molecular weight polyubiquitinated GhRING2 proteins were progressively accumulated with the increase in incubation time from 0 -120 min (Figure 6 ).
Identification of Target Proteins of GhRING2
Y2H gold yeast cells containing pGBKT7/GhRING2 were used as bait to identify the target proteins of Gh- 
S. Soma et al.
3372 Figure 6 . In vitro auto-ubiquitination assay of GhRING2 E3 ligase activity using wheat germ extract. Anti-GST antibody (1 to 5000 dilutions) was used as the probe in Western analysis.
RING2 from a yeast two-hybrid library constructed in the haploid Y187 strain. A PROTODERMAL FACTOR1 (GhPDF1) protein and the 7-β-like subunit of 20S protease were identified as the target proteins of GhRING2. The GhPDF-1 gene was subsequently amplified by PCR with primers GDFP-1 and GDFP-2 (primer sequences were designed from the GbPDF-1 gene sequence of G. barbadense) and sequenced. The GhPDF-1 gene encodes a protein containing 494 amino acids, which was previously described [37] . The interaction between GhRING2 and GhPDF1 was further confirmed using the yeast two-hybrid system via swap of the two plasmids pGADT7 and pGBKT7 to clone GhRING2 and GhPDF1. Transformed Yeast Y2H Gold cells containing pGBKT7/ GhPDF1 and pGADT7/GhRING2 plasmids were able to grow on the quadruple dropout synthetic medium plates (Figure 7(B) , Section 2; Figure 7 (C), Section 2) and express the alpha galactosidase activity (Figure  7(C) , Section 2).
Confirmation of Interaction between GhRING2 and GhPDF1 via in Vitro Pull down Assays
An in vitro pull down assay was performed to confirm the protein-protein interaction between GhRING2 and GhPDF1. The open reading frame (ORF) of GhPDF1 was cloned into the pMAL-c5X vector (New England Bio Labs) to express the GhPDF1 protein in fuse with maltose-binding protein (MBP), and the expressed MBPGhPDF1 fusion protein was purified using amylose affinity chromatography (amylose resin from New England BioLabs) and analyzed by SDS-PAGE (Figure 8(A) ). Four distinct protein bands were observed in the purified MBP-GhPDF1 fusion protein (Figure 8(B) , lane 3), and the highest molecular weight band (top band) represents the intact MBP-GhPDF1 fusion protein (107 kDa) and the lowest molecular weight band is MBP (52 kDa). The two middle bands between MBP and MBP-GhPDF1 may represent partially degraded MBP-GhPDF1 fusion proteins. The presence of MBP and MBP-GhPDF1 proteins was further confirmed by Western analysis using anti-MBP rabbit antiserum (New England BioLabs) antibody as the probe (Figure 8(C) ).
The in vitro pull down assay was conducted by incubating MBP and GhPDF1-MBP fusion proteins with GST-tag and GST-GhRING2 fusion proteins pre-bound to Glutathione Sepharose 4 Fast Flow resin (Amersham Biosciences) at 4˚C for two hr. The resin-bound GST-tag incubated with GhPDF1-MBP fusion was served as a negative control. The presence of GhPDF1-MBP fusion protein associated with GST-GhRING2 in the fraction eluted with reduced glutathione was used to demonstrate protein-protein interaction between GhRING2 and GhPDF1 proteins. The pull down assays via SDS-PAGE (Figure 9(A) ) and Western (Figure 9(B) ) analyses clearly demonstrated that GhRING2 interacted with GhPDF1. The co-purification of MBP-GhPDF1 fusion protein with GST-GhRING2 fusion protein was observed in the second elution from the resin bound GSTGhRING2 incubated with GhPDF1-MBP (Figure 9(A) , lane 9; Figure 9 (B), lanes 5 and 6), but not the resin bound GST-tag incubated with GhPDF1-MBP (Figure 9(A), lanes 6 and 8; Figure 9(B), lanes 3 and 4) . The enrichment of the intact MBP-GhPDF1 fusion protein (the highest molecular weight band) in the second elution- Figure 7 . Testing interaction of GhRING2 and GhPDF1. Yeast Y2H Gold cells were co-transformed with (1) pGADT7-GhRING2/pGBKT7; (2) pGADT7-GhRING2/pGBKT7-GhPDF1; (3) pGADT7-GhPDF1/pGBKT7-GhRING2; (4) pGA-DT7-GhPDF1/pGBKT7; (5) pGADT7/pGBKT7-GhRING2; (6) pGADT7/pGBKT7-GhPDF1; (7) pGADT7-T/pGBKT7-53; (8) pGADT7-GhRING2/pGBKT7-53; and (9) pGADT7/pGBKT7. (A)-(C) represent plates containing double drop out (-Trp and -Leu), quadruple drop out (-Trp, -Leu, -His and -Ade), and quadruple drop out with alpha-gal minimal synthetic defined media, respectively. The blue color in the (C) plate represents alpha-galactosidase activity which degrades the substrate alphagal into blue color product. (Figure 9(B) , lane 6) indicated that the intact GhPDF1 fusion protein was more efficient in binding to GhRING2 than partially degraded GhPDF1-MBP proteins (the two smaller protein bands).
Promoter Analysis of GhRING2
A GUS reporter system was utilized to analyze the GhRING2 promoter using transgenic Arabidopsis plants containing the full-length promoter R2GUS1 and 5'-truncated promoter fragments R2GUS2 and R3GUS3. The GUS system allows the detection of tissue-specific localization expression of the reporter β-glucuronidase under the control of the GhRING2 promoter.
The GUS expression was detected in the hypocotyls of transgenic Arabidopsis thaliana seedlings containing the promoter fragments R2GUS1 (Figure 10(A) ) and R2GUS2 (Figure 10(B) ). No GUS activity, however, was detected in transgenic seedlings containing the short promoter fragment R2GUS3 (Figure 10(C) ). GUS expression was also not detected in the roots of transgenic seedlings containing the full length and 5' truncated promo- Figure 9 . Pull down assays of interaction between GhRING2 and GhPDF1 via SDS-PAGE (A) and Western analyses (B). Lanes 1, 2, 3 and 4 in SDS-PAGE gel (Figure (A) ) contain protein marker (band size represented in kDa), purified MBPGhPDF1 fusion protein, GST-tag and GST-GhRING2 fusion protein, respectively; lanes 5, 9 and 7 are three elutions in order from the resin bound GST-GhRING2 incubated with GhPDF1-MBP; and lanes 6 and 8 are two elutions from the resin bound GST-tag incubated with GhPDF1-MBP. The protein samples for Western analysis (Figure (B) ) are purified GST-GhRING2 (lane 1), MBP-GhPDF1 (lane 2), two elutions from the resin bound GST-tag incubated with GhPDF1-MBP (lanes 3 and 4), three elutions in order from the resin bound GST-GhRING2 incubated with GhPDF1-MBP (lanes 5, 6 and 7). Anti-MBP rabbit antiserum (New England BioLabs) antibody (1:1000 dilution) was used as the probe.
ter fragments (data not shown). The GUS expression results suggested that the promoter regions (R2GUS1 and R2GUS2) from −607 to −1506 nt are crucial for GhRING2 expression during hypocotyl development. Because of rapid elongation of cells in hypocotyl tissue, the GhRING2 gene might have a functional role in cotton fiber cell elongation. The GUS activity was also detected in the young stem of five-week-old transgenic Arabidopsis plants containing the full length and 5' truncated promoter fragments R2GUS1 (Figure 10(E) ), R2GUS2 (Figure 10(F) ) and R2GUS3 (Figure 10(G) ), respectively. No GUS activity was detected in the stem of the wild type Arabidopsis thaliana plants (Figure 10(H) ). The cross section of young and mature stems of five week old transgenic Arabidopsis plants containing the full length R2GUS1 and 5' truncated promoter fragments R2GUS2 and R2GUS3 were also analyzed to determine the localization of GUS activity. It was observed that GUS activity was localized to xylem and cambium cells of young stems (Figures 10(I 
Discussion
Protein Ubiquitination and Fiber Development
The ubiquitin proteasome pathway plays an important role in all aspects of plant growth and development. The differential expression of two E2 genes, GhUBC1 and GhUBC2 [20] , and the GhRING1 [21] and GhRING2 genes in cotton fiber cells strongly suggests that cotton fiber growth and development may be regulated by protein ubiquitination. Hovav et al. [38] and Al-Ghazi et al. [39] have shown that several hundred genes involved in the ubiquitin-mediated protein degradation pathway, including genes for the subunits of proteasome, E2, SCF F-box proteins, and RING-type ubiquitin E3 ligases were highly up-regulated in fiber at the elongation and the secondary cell wall synthesis stages. These observations further support that protein ubiquitination may play a role in fiber differentiation and development.
The expression of the GhRING2 gene in TM-1 fiber displayed two phases, with maximal expression at 10 and 20 DPA. This observation indicates that GhRING2 expression was possibly regulated by at least two transcriptional factors. It also strongly suggests that GhRING2 may be involved in fiber development at late elongation and secondary wall synthesis stages. The length of cotton fiber depends on the rate and duration of elongation stage, which in turn depends on the number of days before elongation ceases [40] . Lower expression of GhRING2 in CS-B25 than TM-1 at 10 and 20 DPA might reduce the protein that positively regulates the elongation and secondary wall synthesis stages. Therefore, the CS-B25 line might have longer duration in these stages and subsequently resulted in high fiber length and strength. This hypothesis based on the expression data strongly agrees with the empirical data reported [41] . Similar results were reported [42] , who performed RT-PCR analysis of the QTL primers that are preferentially expressed between G. hirsutum Emian22 and G. barbadense 3-79 during fiber development. Expression of FPG012 primer, tightly linked with a QTL marker, reached a peak at 20 DPA in Emian 22, while the expression peak appeared at 25 DPA in 3-79. Based on the expression data between the two lines, it was suggested that the delay in gene expression may be responsible for the higher fiber strength of 3-79 than Emian 22 [42] . It is possible that the expression peak of GhRING2 in CS-B25 fiber is not at 20 DPA, but at the late secondary wall synthesis stage. Our observation suggests that the difference in GhRING2 expression between TM-1 and CS-B25 might be one of factors contributing to better fiber traits in CS-B25.
Target Proteins and Their Functional Role
The identification of GhRING2 target proteins, Protodermal Factor 1 (PDF1) and 7-β-like subunit of 20S pro-tease, allows a better understanding of the function of GhRING2 in the ubiquitin proteasome pathway and its role in cotton fiber development. GhPDF1 was reported to be one of the patterning genes and its expression reached a peak at 5-DPA in TM-1 fiber [37] . GbPDF1, a GhPDF1 homologue from G. barbadense, has been shown to be involved in cell fate determination [43] . Recently, the GbPDF1 gene had been cloned and characterized [44] , and the gene had a functional role in fiber cell initiation and in the timing of fiber cell differentiation. The identification of the interaction between GhRING2 and GhPDF1 further supports that GhRING2 regulates fiber cell initiation and fiber length by targeting GhPDF1. The interaction of GhRING2 with 7-β-like subunit of 20S protease indicates that the RING-type E3 ligase could directly escort the ubiquitinated protein (such as GhPDF1) to the 20S protease via binding to the 7-β-like subunit. It is interesting to note that GbPDF1 also interacted with an ubiquitin protein PPIP1 containing an ubiquitin-like domain in the N-terminus [44] .
Promoter Activity and Expression of GhRING2
The E. coli GUS (β-glucuronidase) reporter system was used to determine the promoter activity of the GhRING2 gene in transgenic A. thaliana plants. Transgenic cotton plants were not used for promoter analysis due to the low efficiency of cotton transformation. In addition, relatively longer time is required for the regeneration and growth of cotton plants [32] . The promoters R2GUS1 and R2GUS2, located from nt −607 to −1506, directed GUS expression in the hypocotyl and apical ends of the cotyledons in transgenic Arabidopsis seedlings. Albornos et al. [45] reported that Arabidopsis AtBGAL12 (β-galactosidase gene) promoter directed a similar GUS expression in the root, hypocotyl and apical end of the cotyledons of transgenic Arabidopsis plants. They proposed that AtBGAL12 along with expansions were participating in cell wall extension or remodelling [45] . The hypocotyl cells may correspond to rapidly elongating cells, and the apical end cells of the cotyledons may represent cotyledon forming cells [45] . GhRING2 may be involved in cell wall remodeling, and in coordination with expansins it may play a functional role in cotton fiber cell elongation. The GUS activity was observed in young stems of mature transgenic Arabidopsis plants for all three GhRING2 promoter fragments, which conflicts with the previous observation that the GUS activity was detected in transgenic Arabidopsis seedlings only containing R2GUS1 and R2GUS2 promoter fragments. This may be due to the fact that the GhRING2 promoter region has more than one transcription factor binding site; one being present in the R2GUS3 promoter fragment and the other located between −607 to −1506 nt. The GhRING2 gene may be regulated by more than one transcriptional factor (TF) that is expressed temporally at different stages of plant development. For instance, one TF may be expressed in the seedling stage and the other during the development of young stems in transgenic Arabidopsisplants. The GUS activity of the GhRING2 promoter was localized to xylem and cambium cells of young stems only and not in mature stems of transgenic Arabidopsis thaliana plants. Persson et al. [46] studied the expression of an Arabidopsis IRX8 gene encoding glycosyltransferase and found that the gene was essential for secondary wall formation. The IRX8 gene promoter directed GUS expression in developing fiber and young xylem cells where secondary cell walls are deposited. The IRX8 mutant plants had reduced levels of glycan and homogalacturonan, collapsed xylem vessels and displayed a dwarfed phenotype [46] . The observation of GUS expression in xylem cells of transgenic Arabidopsis plants containing the GhRING2 promoter suggests that the GhRING2 gene may be involved in cotton fiber secondary cell wall thickening.
